INTRODUCTION
============

White matter is composed of axons, myelin sheaths and glial cells. A principal physiological role of white matter is the rapid electrical signal transduction, so called saltatory conduction. To achieve saltatory conduction, axons should be enwrapped with myelin sheath. Oligodendrocyte (OL) is responsible for making myelin sheaths that are critical for the saltatory conduction. Therefore, maintaining integrity of OLs and myelin sheaths in the white matter is a fundamental foundation for a variety of adequate brain functions \[[@B1]\].

Human is the only species having the brain in which the volume of white matter is larger than that of gray matter \[[@B2]\]. Because of the larger white matter in the brain, many neurological conditions were caused or accompanied by white matter damage. Among neurological diseases or disorders affecting the white matter, ischemic insult is one of the most commonly encountered disease entities in clinical practice. Despite the high prevalence and clinical significance of ischemic white matter disease, relatively less effort has been invested on researches focusing on the pathomechanism or finding therapeutic targets in ischemic white matter disease than in ischemic neuronal/gray matter injury \[[@B3]\].

Ischemic insults can provoke sterile inflammation in damaged tissue, so called sterile inflammation \[[@B4]\]. Sterile inflammation after ischemic stroke affects tissue damage, neuronal cell survival and finally neurobehavioral outcome. Toll-like receptor (TLR) family is one of the main executors for post-ischemic inflammation after interaction with danger associated molecular pattern protein (DAMP) like high mobility group box-1 (HMGB1) or heat shock protein family from damaged cells \[[@B5]\]. More than several studies have focused on TLRs in ischemic stroke to reduce tissue damage or enhance tissue recovery via modulation of neuroinflammation \[[@B6][@B7]\]. However, it has been increasingly recognized that TLRs play a lot more diverse role than regulation of neuroinflammation \[[@B8]\]. In line with these non-immune functions of TLRs in CNS, we have recently discovered a novel role of TLR2 and its endogenous ligand HMGB1 in protecting ischemic OL death and demyelination in white matter stroke model \[[@B9][@B10]\]

In this paper, we briefly review about clinical spectrum of ischemic white matter diseases and introduce recent updates on the pathophysiology of white matter stroke. We will also propose novel pathomechanisms underlying ischemic oligodendrocyte death/white matter injury and potential therapeutic targets particularly focusing on the HMGB1-Toll-like receptor 2 (TLR2) pathways based on our recent reports.

CLINICAL SPECTRUM OF ISCHEMIC WHITE MATTER DAMAGE
=================================================

Clinically, ischemic lesions involving white matter can be classified into three types. One is acute focal ischemic white matter lesion, so called the lacunar infarction \[[@B11]\], which is caused by occlusion of deep perforating arteries. The second entity is the leukoaraiosis \[[@B12]\], asymptomatic white matter lesion presumably caused by chronic ischemia, that can be detected only by neuro-imaging modalities such as the computerized tomography and the magnetic resonance imaging (MRI). Third type is subcortical ischemic vascular dementia (SIVD) caused by chronic diffuse ischemic condition in white matter \[[@B13]\].

Focal acute ischemic stroke
---------------------------

Approximately 20% of all ischemic strokes consist of purely focal subcortical white matter lesions \[[@B14]\]. When major cerebral arteries are occluded, white matter is affected to an extent similar to that of the gray matter\[[@B15]\]. White matter involvement is associated with poor prognosis and chronic neurological deficit after ischemic stroke \[[@B16]\]. It is widely accepted that one of the reasons for the failure of many neuroprotective reagents in clinical trials is due to accompanying white matter lesions that cannot be benefitted from the drugs targeting only neuronal pathologies \[[@B17]\].

Leukoaraiosis
-------------

The term of leukoaraiosis was introduced in 1986 to describe 'rarefaction of white matter' \[[@B18]\]. Because the majority of white matter in human cerebrum is supplied by single source of long arteriole or artery, slight decrease of cerebral perfusion or brief period asymptomatic ischemia can cause insult to the white matter \[[@B19][@B20]\]. After the discovery that the leukoaraiosis was the result of hypoperfusion to the white matter, leukoaraiosis has been considered as incomplete infarction in the white matter and then recognized as one of the manifestations deriving from the cerebral small vessel diseases \[[@B21][@B22]\].

The Leukoariosis and Disability (LADIS) study has shown that the baseline leukoaraiosis severity affects general performance, depressive symptoms, urinary problems and cognitive performance even in grossly non-disabled elderly population. LADIS study also noted that the leukoaraiosis is not a static disease but may gradually worsen and contribute to the progression of cognitive dysfunctions \[[@B23][@B24][@B25][@B26]\]. While less than 5% of elderly population have symptomatic focal acute ischemic stroke, the leukoaraiosis is found in almost all of the population aged equal to or more than 85 years old \[[@B27][@B28]\]. The high prevalence of leukoaraiosis further highlights its clinical significance.

Vascular dementia (VaD)
-----------------------

A classical definition of VaD is the cognitive impairments that adversely affect an individual\'s daily life caused by or associated with vascular factors \[[@B29]\]. According to several epidemiologic studies, VaD is the second most common form of dementia and more frequently found in Asians (about 30% of prevalence) \[[@B30][@B31][@B32]\] than in western countries (about 5\~10%) \[[@B33]\]. There are several subtypes of VaD as follows: 1) multi-infarction dementia, 2) strategic infarction dementia, 3) subcortical ischemic vascular dementia (SIVD) and 4) mixed dementia (VaD+Alzheimer\'s disease) \[[@B34]\]. Among the above VaD subtypes, SIVD is a relatively homogenous entity, and pure SIVD without any confounding factors is more frequently found than previously thought \[[@B35]\]. Pathomechanism of the SIVD is probably overlapped with that of focal acute ischemic white matter stroke or leukoaraiosis, because combinations of repeated complete infarction in the white matter and/or incomplete infarction caused by arterial stenosis or occlusion are the main pathophysiology of SIVD \[[@B36]\].

The above three clinical entities highlight importance of therapeutic strategies targeting white matter. Currently, treatments of the white matter strokes encompassing the lacunar infarction, leukoaraiosis and SIVD are not different from those targeting strokes involving the gray matter. For example, general treatment strategies of ischemic white matter injuries are as follows: 1) to prevent further arterial occlusion or stenosis using antiplatelet agent with treatment of vascular risk factors such as hypertension, diabetes and hypercholesterolemia \[[@B37]\], 2) life style modifications such as stop smoking \[[@B38]\] and 3) cholinesterase inhibiting agent as symptomatic treatment in VaD patients \[[@B39]\]. The fact that the current therapeutic tools in clinic are no longer different from those for the strokes caused by steno-occlusion of larger cerebra arteries indicates that no specific reagent has been developed selectively for ischemic white matter injuries. More researches to elucidate cellular and molecular mechanisms of ischemic white matter stroke would be required for clinical development of a therapeutic reagent specifically targeting ischemic white matter injury.

ANIMAL MODELS OF ISCHEMIC WHITE MATTER DAMAGE
=============================================

One of the biggest huddles to study pathophysiology of ischemic white matter is a lack of animal models that can adequately replicate pathology of human white matter stroke. Recently, many researchers have attempted to establish various animal models for ischemic white matter damage to reduce the gap between laboratory and clinical practice \[[@B3][@B40][@B41]\]. Animal models for ischemic white matter damage can be divided into models for focal ischemic white matter damage like lacunar infarction within the white matter and chronic diffuse ischemic white matter disease mimicking leukoaraiosis and/or SIVD \[[@B40][@B41]\]. To make a focal ischemic white matter lesion, stereotaxic injection of a vasoconstriction reagent has been used. In rats, endothelin-1 (ET-1), a potent vasoconstrictor, has been successfully used for this purpose \[[@B2][@B42]\]. Advantage of using ET-1 injection is to make a convincing focal ischemic lesion in any wanted area including white matter. In comparison, controversial reports exist on a focal ischemic mice model using ET-1. Horie et al. reported that ET-1 injection alone could not make convincing focal ischemic lesions in the white matter \[[@B43]\]. However, our lab and the others reported generation of reproducible lesions in the internal capsule or cingulum in mice using ET-1\[[@B9][@B44][@B45]\]. Despite its advantages, the model ET-1 has some drawbacks. OLs express ET-1 receptor and ET-1 is known to exert biological effects on OL migration and differentiation \[[@B46]\]. Moreover, astrocyte-derived ET-1 could inhibit remyelination in focal chemical demyelinating lesion \[[@B47]\]. Therefore, an alternative vasoconstrictor, eNOS inhibitor N5-(1-iminoethyl)-L-ornithine, dihydrochloride (L-NIO), has been recently introduced to make focal ischemic white matter damage \[[@B48]\].

Chronic diffuse ischemic white matter model is preferred to the above focal model since it allows researchers to address cognitive impairment that is encountered in patients with VaD, especially SIVD. The most popular and classical animal model for vascular dementia and leukoaraiosis is bilateral common carotid artery occlusion (BCCAO) in rat \[[@B49]\]. Since BCCAO is frequently lethal in mice, bilateral common carotid artery stenosis (BCCAS) using micro-coil was introduced in mice. In this model, glial activation and working memory deficits that occur in human SIVD were successfully replicated \[[@B50][@B51]\]. Because BCCAO and BCCAS models are not accompanied by obvious hippocampal damage, these models are suitable and appropriate to study SIVD \[[@B40]\]. However, these animal models possess a serious weakness that cannot be overlooked. The BCCAO and BCCAS models exhibiting diffuse ischemia were produced by sudden occlusion or stenosis of blood vessels, unlike the leukoaraiosis or vascular dementia encountered in human patients in which vascular occlusion slowly and progressively occurs. To overcome this limitation of BCCAO and BCCAS, a recent study developed a new white matter ischemia model in which occlusion of carotid arteries was gradually induced by application of an ameroid constrictor \[[@B52][@B53]\].

RECENT ADVANCES IN IDENTIFYING CELLULAR AND MOLECULAR MECHANISMS OF ISCHEMIC WHITE MATTER INJURY
================================================================================================

Demyelination and OL degeneration constitute prominent main pathological findings in the brain with white matter lesions on MRI \[[@B54]\]. The Binswanger\'s dementia, the most severe form of SIVD, is also accompanied by marked demyelination and OL loss \[[@B55][@B56]\]. Since degeneration of myelin sheath results in a decrease conduction velocity, demyelination and OL should be primarily responsible for a range of neurological dysfunctions in the white matter stroke. Although it has been known for a long time that OLs are particularly vulnerable to ischemic stress \[[@B20]\], there is very limited information on cellular and molecular mechanisms that regulate OL death and resultant demyelination under ischemic stress. Several recent studies have started to shed novel insights into the pathophysiology and to provide interesting ideas on identifying therapeutic targets in ischemic white matter stroke.

In diffuse ischemic BCAS model in mice, oligodendrocyte progenitor cell (OPC) produces matrix-metalloproteinase 9 that is expressed in response to an ischemic insult and disrupts the blood brain barrier to facilitate ischemic injury \[[@B57]\]. In contrast to the lesion-aggravating effects of OPC, astrocytes in the same BCAS model release BDNF and the released BDNF can enhance OPC differentiation and proliferation of OL lineage cells to restore ischemic white matter damage \[[@B58]\]. These studies indicate that multiple cell types are involved and interact with each other and elucidation of cell-to-cell interaction is important to delineate upstream causative pathological events to identify meaningful therapeutic targets.

Another recent study showed that oxidative stress interferes with endogenous white matter repair by disrupting OPC differentiation and that free radical scavenger can be utilized as a potential therapeutic approach for white matter injury in VaD and stroke \[[@B59]\]. OPC differentiation to mature OL is blocked also by myelinassociated molecules. It was recently discovered that Nogo receptor blockade overcomes remyelination failure after white matter stroke, and more importantly, blocking Nogo receptor leads to significant post-stoke motor recovery in aged mice \[[@B60]\]. In addition, various therapeutic approaches have been employed in ET-1 induced focal white matter stroke model. Exogenous application of adipose-derived mesenchymal stem cells \[[@B61]\], BDNF \[[@B62]\], and extracellular vesicles \[[@B63]\] promoted white matter repair in this focal stroke model. These studies suggest that therapeutic approaches targeting restoration of white matter integrity could be a hopeful approach for the treatment of white matter stroke.

TOLL-LIKE RECEPTOR 2 (TLR2) IN ISCHEMIC OL DEATH AND DEMYELINATION
==================================================================

Our lab has also introduced a new player in the pathophysiology of white matter stroke. Inflammatory responses after ischemic insults have been considered one of the main factors to aggravate tissue damage. TLRs are known as pattern recognition receptors that are critically implicated in the regulation of innate immunity. Extracellular domain of TLRs binds to either exogenous pathogens called pathogen-associated molecular pattern proteins (PAMP) mainly derived by bacterial wall component or endogenous danger-associated molecular pattern proteins (DAMP) originating from degraded extracellular matrix or intracellular contents released after cellular demise. After binding with PAMP or DAMP, TLRs activate its downstream signaling pathways and promote production of inflammatory cytokines in inflammatory cells \[[@B64]\]. In contrast to this traditional proinflammatory influence of TLR activation, recent studies demonstrated that TLR activation could also drive cellular survival or protective mechanisms against various cellular insults in non-inflammatory cells \[[@B65][@B66]\].

While neurons, astrocytes and microglia express a broad range of TLRs, OLs express only TLR2 and TLR3 \[[@B67][@B68][@B69]\]. What are the consequences of TLR activation in OLs? Stimulation of TLR3 with poly (I:C) on cultured OLs resulted in pronounced cell death \[[@B67]\]. In contrast, treatment of OLs with TLR2 agonists such as zymosan or Pam3CSK4 resulted in increased OL maturation and survival \[[@B67]\]. A recent study showed that TLR2 activation with hyaluronan, one of the extracellular matrices increasing after inflammatory demyelination like multiple sclerosis, delays OL maturation and inhibits remyelination process \[[@B70]\]. These studies collectively led us to speculate on potential influence of TLR2 on OLs and myelinated axon in white matter stroke model.

We employed ET-1 induced focal white matter stroke model \[[@B9]\]. In this model, profound loss of OL lineage cells and disappearance of immunoreactivity to myelin basic protein (MBP) were observed within the focal demyelinating lesion. Interestingly, TLR2 (-/-) mice showed larger ET-1 induced ischemic demyelinating area than that in wild type (WT) mice. Interestingly, the difference in lesion size was not due to altered post-ischemic inflammation because the extent of microglial cell infiltration and proinflammatory gene activation was comparable between WT and TLR2 (-/-) animals. The expansion of demyelinating lesion in TLR2 (-/-) mice was accompanied by twice as many apoptotic OLs as in WT. To demonstrate OL-intrinsic influence of TLR2 activation, primary cultured OLs from WT or TLR2 (-/-) mice were exposed to oxygen-glucose deprivation (OGD), an *in vitro* model of ischemic stress. TLR2 (-/-) OLs were more vulnerable to OGD insult than wild type OL with less phosphorylation of ERK1/2. Furthermore, TLR2 agonist, either Pam3CSK4 or zymosan, could rescue OGD-induced OL death in a TLR2 dependent manner. We further showed that systemic administration of Pam3CSK4 attenuates the extent of ischemic demyelinating lesion induced by ET-1 *in vivo* . These data provide convincing evidence that TLR2 exerts protective effects on ischemic OL death and demyelination in white matter stroke \[[@B9]\]. The beneficial influence of TLR2 seems to be cell-autonomous via TLR2 expressed in OL lineage cells rather than by regulation of inflammatory cells.

HIGH-MOBILITY GROUP BOX-1 (HMGB1) IS AN ENDOGENOUS TLR2 LIGAND AND PLAYS A ROLE OF AN AUTOCRINE TROPHIC FACTOR IN ISCHEMIC OL DEATH AND WHITE MATTER INJURY
===========================================================================================================================================================

After establishing the cell-autonomous protective role of TLR2 in OGD-induced OL death, we sought to identify an endogenous ligand that elicits activation of TLR2 expressed in OLs \[[@B10]\]. Since the TLR2 activation occurred following OGD insult to dissociated OLs in culture, we reasoned that TLR2 activating ligand should be released from OLs rather than other cells or extracellular matrix. We screened presence of potential DAMPs known to be released from intracellular compartment in culture medium following OGD and found out a time-dependent accumulation of HMGB1 \[[@B10]\], which is a well-known TLR2 ligand. Extranuclear translocation of HMGB1 and its extracellular release from OLs under ischemic stress could be observed. The conditioned medium (CM) obtained from cultured OLs exposed to OGD protected separate cultured OLs from OGD-induced ischemic stress. However, the OL-OGD CM with HMGB1 immunodepleted did not exhibit the protective effects. In addition, exogenous application of HMGB1 could rescue OGD-induced OL death in a TLR2-dependent manner, and HMGB1 inhibition with glycyrrhizin aggravated OGDinduced OL death. The HMGB1-TLR2 axis activation was correlated with IκB-α degradation, ERK1/2 phosphorylation and CREB phosphorylation *in vitro*.

The *in vivo* influence of HMGB1 was tested also using the ET-1 induced focal white matter stroke model \[[@B10]\]. We were able to demonstrate extranuclear translocation of HMGB1 and activation of ERK and CREB signaling pathways in the lesioned, but not contralateral white matter. Co-injection of HMGB1 inhibitor glycyrrhizin with ET-1 aggravated ET-1 induced ischemic white matter damage and lesion-induced neurobehavioral deficits *in vivo* . These pathological and behavioral aggravation was TLR2-dependent because the glycyrrhizin did not worsen the lesion size and behavioral results in TLR2 (-/-) animals where the ET-1 induced outcomes were already more severe than WT animals. HMGB1 inhibition *in vivo* was not accompanied by altered postischemic inflammatory cell infiltration. HMGB1 application to primary cultured microglia resulted in expression of both M1 and M2 markers and the CM obtained from HMGB1-priming microglia did not show harmful effects. These findings indicated that HMGB1 influenced OL survival and ischemic demyelinating lesion through cell-autonomous trophic effects on OLs, but not by altering activation of inflammatory cells as a DAMP signal.

Taken together, we can speculate autocrine, cell-autonomous protective model of HMGB1-TLR2 axis in ischemic OL death ([Fig. 1](#F1){ref-type="fig"}). Under ischemic condition, HMGB1 are released from nuclei of dying OLs. Released HMGB1 interacts with TLR2 on neighboring OLs in an autocrine manner. After interaction between TLR2 and released HMGB1, OLs turn on their pro-survival signaling pathway like ERK1/2 and CREB phosphorylation. Released HMGB1 also interacts with TLR2 on microglia but does not tip the balance between pro- and anti-inflammatory states because it increases the expression of both M1 and M2 markers in microglial cells. This model suggests a possibility to utilize an innate protective or recovery mechanism in ischemic OL death and illustrates an importance of understanding complex cell-to-cell interactions in the white matter stroke.

CONCLUSIONS AND FUTURE PERSPECTIVES
===================================

A still large gap lies between clinical practice and laboratory researches in ischemic white matter stroke, and therefore, huge unmet clinical needs exist. A series of our recent works and others have shed new insights on the pathomechanism of ischemic OL death and white matter injury. We proposed TLR2 as a novel therapeutic target to ischemic OL death and white matter stroke. However, there are still several remaining questions on TLR2 in the contexts of ischemic OL death and white matter injury. First, ischemic OL death was not completely rescued by HMGB1 alone in our recent report. This result suggests that there are other ligands on TLR2 to promote prosurvival effect or the presence of other receptors rather than TLR2. Second, the detailed intracellular prosurvival signaling pathway through TLR2 in OL has not yet been elucidated. Discovering more detailed intracellular prosurvival signaling pathway through TLR2 in OLs will be required to finely manipulate intracellular pro-survival machinery of OLs. Searching potent specific agonists either by utilizing endogenous ligands such as HMGB1 or newly identifying small molecules to selectively activate TLR2 in OLs without invoking proinflammatory activation in inflammatory cells will be future avenues for establishing the HMGB1/TLR2 as a novel therapeutic target for enhancing ischemic white matter restoration.
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![A schematic diagram to propose a model of high-mobility group box1 (HMGB1) / Toll-like receptor 2 (TLR2) axis in ischemic oligodendrocyte death and white matter damage. Ischemic insult results in oligodendrocyte (OL) death. During OL death, HMGB1 is released from dying OLs. Released HMGB1 could interact with TLR2 on neighboring OLs and activates downstream pro-survival, protective signaling pathways with autocrine manner. Released HMGB1 also interact with TLR2 on microglia and increased both M1 and M2 marker expression in microglia.](en-26-186-g001){#F1}
